Planctomycetes are ubiquitous, environmentally and biotechnologically important bacteria that are key players in global carbon and nitrogen cycles. Ever since their first discovery in the 1920s they seemed to blur the prokaryote /eukaryote dichotomy. After initially being described as fungi and reclassified as bacteria later, they were still thought to feature a nucleus-like compartment surrounding their highly condensed DNA. Also, an endocytosis-like uptake mechanism for macromolecules was described. Besides these eukaryotic hallmark traits, Planctomycetes seemed to lack typical bacterial features such as a peptidoglycan cell wall or the universal bacterial cell division protein FtsZ, while mostly dividing by polar budding instead of binary fission. Thus, Planctomycetes were speculated to be ancestral to both, bacteria and eukaryotes. With the advent of novel microscopic techniques, along with the development of genetic tools for Planctomycetes, some of these hypotheses were revisited. Surprisingly, Planctomycetes were found to possess a peptidoglycan cell wall and to comprise a cell plan comparable to other Gram-negative bacteria as the nucleus-like structure is rather an invagination of the cytoplasmic membrane than a cohesive compartment. These finding challenge the idea of a eukaryotic ancestry of the phylum, as Planctomycetes now appear similar, yet distinct to other bacteria.
INTRODUCTION
Since the discovery of Planctomycetes in 1924, their phylogeny has been subject to controversy. First mistaken as eukaryotes (Gimesi 1924) , they were later acknowledged as bacteria (Hirsch 1972) . Until recently, their conspicuous cell plan was thought to differ significantly from the organization of typical Grampositive or Gram-negative bacteria (Fuerst and Webb 1991; Lindsay, Webb and Fuerst 1997) (Fig. 1) . Instead of peptidoglycan (PG) and the canonical Gram-negative outer membrane, Planctomycetes were proposed to possess a proteinaceous cell wall (König, Schlesner and Hirsch 1984; Liesack et al. 1986; Stackebrandt, Wehmeyer and Liesack 1986 ) enclosing the cytoplasmic membrane (CM) (Fig. 1A ). In this model, the cytoplasm was divided into the paryphoplasm and the pirellulosome by an intracytoplasmic membrane (ICM) (Lindsay et al. 2001) . Furthermore, the highly condensed planctomycetal DNA would have been forming a nucleoid that occupied only a fraction of the pirellulosome (Fuerst and Sagulenko 2011) . For the species Gemmata obscuriglobus, the nucleoid was proposed to be surrounded by two closely positioned double membranes that resemble the enveloped nucleus of a eukaryotic cell (Fuerst and Webb 1991; Fuerst and Sagulenko 2011) . Even the separation of transcription and translation was suggested (Gottshall et al. 2014) and Cell plans of Planctomycetes, eukaryotes and Gram-negative bacteria. For many years Planctomycetes (A) were proposed to share many features with eukaryotes (B) such as lack of a peptidoglycan cell wall, capability to perform endocytosis and a membrane-enclosed nucleus (A). Only recently Planctomycetes (C) were found to share more features with Gram-negative bacteria (D) while they still comprise unique characteristics such as invaginations of the cytoplasmic membrane or crateriform structures that form different sized fibers (C) compared to canonical bacteria (D).
the envelope of the nucleus-like structure has been described to comprise nuclear pores (Sagulenko et al. 2017) . In addition, the membranes of G. obscuriglobus appear unusual from a bacterial point of view since they contain sterols which were even suggested to represent the most ancient sterols known (Pearson, Budin and Brocks 2003) . Furthermore, Planctomycetes and some other members of the Planctomycetes-VerrucomicrobiaChlamydiae (PVC) superphylum (Wagner and Horn 2006) are the only organisms among bacteria and archaea that encode membrane coat (MC) proteins. These proteins have a high structural similarity to eukaryotic MC proteins such as clathrin, which plays a major role in the formation of coated vesicles (Devos et al. 2004 ). It has been described that a significant amount of MC-like proteins were localized in close proximity to the ICM or to vesicles within the paryphoplasm (Santarella-Mellwig et al. 2010) . Those vesicles have been suggested to allow endocytosislike uptake of proteins into the paryphoplasm of G. obscuriglobus cells (Lonhienne et al. 2010) . As endocytosis is believed to be a hallmark of eukaryotic cells, Planctomycetes seemed to possess the first endocytosis-like vesicle-based uptake system to be found outside of the eukaryotic domain (Jermy 2010) . Moreover, Planctomycetes divide in an FtsZ-independent manner via polar budding or binary fission (Table 1) . This is in contrast to all other bacteria for which FtsZ is the central cell division protein. Taken together, Planctomycetes seemed to challenge the prokaryote/eukaryote dichotomy in several ways (Forterre and 
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Gribaldo 2010). As a consequence, several alternative models for the evolution of eukaryotes were discussed (Devos and Reynaud 2010; Forterre and Gribaldo 2010; Forterre 2011; Fuerst and Sagulenko 2011) . One possible explanation was inferred from a modification of the fusion hypothesis, which assumes that eukaryotes originate from the association of a bacterium with an archaeon. This modification posits that a planctomycetal cell was the bacterial part of this association (Forterre 2011) . Alternatively, Planctomycetes and other members of the PVC superphylum were proposed to be intermediate developmental stages on the evolutionary path from Bacteria to Archaea and Eukarya (Devos and Reynaud 2010) . In this case, Planctomycetes would constitute the 'missing link' between prokaryotes and eukaryotes (Devos and Reynaud 2010) . Else, horizontal gene transfer might have effected some of the eukaryote-like traits of PVC bacteria (Fuerst and Sagulenko 2011) . At the time of this discussion, only one study postulated convergent evolution as alternative interpretation, thereby implying analog not homolog development of the conspicuous planctomycetal cell biological traits (McInerney et al. 2011) . However, in recent years multiple studies focused on the planctomycetal cell biology and finally induced a paradigm shift. This review, for the first time, will cover all aspects of this paradigm shift and describe the current knowledge on the maverick Planctomycetes. We will focus on the complete planctomycetal phylum with exception of the anaerobic anammox Planctomycetes, as they were recently reviewed in this journal (Kartal et al. 2013) .
PHYLOGENY, TAXONOMY AND GENOMICS
As true for most bacterial phyla, in pre-molecular times the discovery and description of the first Planctomycetes was solely based on morphological characteristics (Gimesi 1924) . This is why -in the light of the unusual planctomycetal cell division by polar budding-the first specimen was initially mistaken as fungal-like eukaryote (Gimesi 1924) . It was reclassified as a bacterium later (Hirsch 1972 ) and, with the advent of molecular methods, the classification of Planctomycetes as Bacteria was confirmed. An analysis based on partial sequences of 16S rRNA genes from three Planctomycetes compared to 320 bacterial and 40 archaeal sequences revealed that Planctomycetes are not associated with Archaea (Stackebrandt et al. 1984) . Nevertheless, the analysis left room for speculations that they either evolved faster than other bacteria or that they represent an ancient line descending from the eubacterial kingdom (Stackebrandt et al. 1984) . This idea was supported by other conspicuous traits of Planctomycetes, such as the above discussed concluded lack of PG (König, Schlesner and Hirsch 1984; Liesack et al. 1986) . A more comprehensive follow-up study, employing nearly full-length 16S rRNA gene sequences, favored the hypothesis of rapid evolution of the planctomycetal lineage over the conclusion that Planctomycetes are the deepest branching eubacteria (Woese 1987) . With this study, first evidence emerged that Planctomycetes have a distant relationship to Chlamydiae (Woese 1987) . That finding was later verified by comparison of 49 concatenated protein sequences (Strous et al. 2006) and comprehensive analysis of 16S (Wagner and Horn 2006) and 23S rRNA gene sequences (Glöckner et al. 2010) . Consequently, the PVC superphylum, that not only comprises the phyla Planctomycetes, Verrucomicrobia and Chlamydiae but also Lentisphaerae and 'Candidatus Omnitrophica' (OP3), was proposed (Wagner and Horn 2006) . While this concept was challenged (Brochier and Philippe 2002; Jun et al. 2010 ) (for detailed discussion, see Ward et al. 2006) , recent, more comprehensive studies, also support the PVC superphylum Parks et al. 2017; Schulz et al. 2017) .
Taxonomically, the phylum Planctomycetes is divided into two classes: Planctomycetia and Phycisphaerae (Table 1, Fig. 2 ). The anammox Planctomycetes form the family Brocadiaceae which has Candidatus status due to the lack of an axenic culture (for review, see Kartal et al. 2013) . Due to the taxons distinct features, it might very well represent a third class once an axenic culture is obtained. The class Phycisphaerae is subdivided into the orders Phycisphaerales and Tepidisphaerales. As the latter consists of one family (Tepidisphaeraceae) with only one genus (Tepidisphaera), the class Phycisphaerales consists of one family (Phycisphaeraceae) with currently two genera (Algisphaera and Phycisphaera). Consistently, only three species are described for the class Phycisphaerae (Fig. 2) . The class Planctomycetia consists of one validly described order (Planctomycetales) and three families with standing in nomenclature: Planctomycetaceae (Schlesner and Stackebrandt 1986) , Isosphaeraceae (Kulichevskaya et al. 2015b) and Gemmataceae (Kulichevskaya et al. 2017a) .
In total, only 35 planctomycetal species are validly described (see Table 1 for detailed characteristics), with the vast majority (28) belonging to the family Planctomycetaceae. To gain a better understanding on the phylum's phylogenetic depth, we used full-length 16S rRNA gene sequences from the SILVA SSU Ref NR99 database (release 128 from 7 September 2016) (Quast et al. 2013 ) with 8312 operational taxonomic units (OTUs) defined by a 99% identity threshold (Fig. 3) . Remarkably, only 0.6% of the known planctomycetal diversity on OTU level is covered by axenic cultures. Recent metagenomics studies contribute about 250 potential planctomycetal bins which would correspond to 3% of the known diversity (Baker et al. 2015; Kantor et al. 2015; Anantharaman et al. 2016; Kim et al. 2016b; Dombrowski et al. 2017; Dudek et al. 2017; Parks et al. 2017; Vollmers et al. 2017; Tully et al. 2017a) , while only 4 (0.05%) of the known planctomycetal genomes were obtained via single cell approaches (all values are based on a NCBI database research in December 2017). It is important to stress the phrase 'known diversity', as our phylogenetic analysis is only based on the known 8312 OTUs. There are very likely even more diverse linages of Planctomycetes out there that have so far escaped detection. However, in total we conclude that the genomes of less than 4% of the existing planctomycetal OTUs are (partly) sequenced and that 99.4% still await cultivation. Taken together, the phylum Planctomycetes is heavily undersampled.
To study the genomic distances within the planctomycetal phylum it was proposed to employ the rpoB gene, which was found to provide additional resolution compared to the 16S rRNA gene. To this aim, a species border threshold of 96.3% gene sequence identity was suggested (Bondoso, Harder and Lage 2013) . Thus, planctomycetal strains with rather similar 16S rRNA gene sequence could still belong to different species. For example, Rhodopirellula europaea SH398 and R. baltica SH1 T share a 16S rRNA sequence identity of 99.93% which is above the usual species threshold (Stackebrandt 2002; Yarza et al. 2014; RosselloMora and Amann 2015) . Opposed to that, rpoB gene identity, DNA-DNA hybridization and average nucleotide identity values for both strains revealed rather low identity values of 95.23%, 49.3%-58.9% and 88.48%, respectively, thereby indicating separate species (Bondoso, Harder and Lage 2013) . If this discordance is a general feature of the whole phylum, maybe related to the proposed rapid evolution (Woese 1987) , or if it is an exceptional trait of the genus Rhodopirellula would require further investigation. From a genomic perspective, as summarized in Table 2 , bacteria of the phylum Planctomycetes are very unusual. The average genome size of all validly described and sequenced isolates is about 7.6 Mb: of all isolates Phycisphaera mikurensis has the smallest (3.9 Mb) and the Gemmataceae in general have the largest genomes, featuring Fimbriiglobus ruber with 12.4 Mb. The usual heterotrophic free-living environmental bacterium has a genome size around 5 MB, making planctomycetal genomes exceptionally large. Most sequenced Planctomycetes harbor only one replicon while Planctopirus limnophila and all three sequenced members of the family Isosphaeraceae display additional plasmids. The plasmid of P. limnophila seems to encode mostly phage genes. In the light of anecdotal reports of planctomycetal bacteriophages (Ward et al. 2006) , this plasmid might rather represent a temperate phage in its lysogenic cycle. Plasmids of the family Isosphaeraceae vary in size between 13 and 112 kb, and members of the family carry up to four plasmids in total, the larger of which seem to harbor genes involved in carbohydrate biosynthesis. A comparative analysis revealed that some of the plasmids share an evolutionary origin and that they have integrated into the genome in some Isosphaeraceae species . However, given that only 26 planctomycetal genome sequences from cultivated strains are available today, it is too early to conclude that plasmids are limited to one planctomycetal family.
Furthermore, the GC content of planctomycetal genomes differs dramatically. Of the cultured organisms, Gimesia maris has the lowest GC content (50.5%) and P. mikurensis, the organism with the smallest genome, has the highest (73.2%). While it dwells at moderate temperatures (25
• C-30 • C), the slightly thermophilic Isosphaera pallida has a considerably lower GC content of 62.5%. What determines the differences in GC content among the phylum Planctomycetes remains enigmatic. However, as those differences appear to be associated with phylogenetically distinct clades, the GC content might be a useful marker for subdividing the phylum into distinct lineages in the future (Table 2) . Another striking feature of the planctomycetal genomes is the large number (in average 57%) of genes with unknown function. In particular, Zavarzinella formosa and Fimbriiglobus ruberboth members of the Gemmataceae-have large genomes with 67.2% and 68.9% genes of unknown function. Such values indicate that Planctomycetes comprise genes that are different from typical model bacteria and could therefore be related to their conspicuous traits. Additionally, a linear relation between genome size and number of predicted secondary metaboliterelated genes and gene clusters has been reported, a finding supported by our reanalysis of presently available planctomycetal genomes (Fig. 4) (Jeske et al. 2013) .
In the well-studied producers of small bioactive molecules such as Actinobacteria and Myxobacteria many secondary metabolite-related genes are rather large. Some of them belong to the so-called giant genes, genes with a size >5 kb (Reva and Tummler 2008) . At the time giant genes were first analyzed, Planctomycetes were identified as one of seven bacterial phyla to bear such large genes (Reva and Tummler 2008) . As this analysis only contained one planctomycetal genome, the analysis of giant genes in Planctomycetes was revisited in 2016. All planctomycetal genomes were found to contain such genes, 15 genomes even harbored genes with a size of >20 kb whereas genes >30 kb were exclusively found in Fuerstia marisgermanicae (Kohn et al. 2016) . However, not all giant genes are related to small molecule production, some are rather resembling metabolic enzymes. For example, in Paludisphaera (Quast et al. 2013) and was curated manually. It comprises 8312 sequences. Additionally, 16S rRNA sequences from all planctomycetal genomes available under NCBI's Taxonomy ID 203682 (December 2017) and from all isolated species were included to obtain their position in the tree. Clades with less than five members have been condensed to a single line, whereas the size of the triangles directly refers to the number of leaves included (between 5 and 122) (Letunic and Bork 2016) . Dark purple: no strain is described for this taxon; red: no strain is described for this taxon, but genomes have been acquired from metagenomic and single-cell binning approaches; dark yellow: taxon contains at least one isolated or enriched strain.
borealis two giant genes are plasmid-borne and appear to be components of the carbohydrate metabolism . Other giant genes might encode structural proteins correlated with unique planctomycetal cell biological features (Kohn et al. 2016) . Given that genetic tools are now available for Planctomycetes (see the section 'Genetic manipulation of Planctomycetes'), the function of giant genes can be studied via directed mutagenesis or overexpression in the future.
CELL BIOLOGY OF PLANCTOMYCETES
As outlined in the introduction, the unusual planctomycetal cell biology seemed to be blurring the lines between prokaryotes and eukaryotes since the very discovery of the phylum (Fuerst and Sagulenko 2011) . Figure 1 summarizes the classic interpretation of the planctomycetal cell plan (Fig. 1A ) that indeed seemed to parallel eukaryotes (Fig. 1B ) rather than bacteria (Fig. 1D) . However, since then, multiple studies drew a quite different picture of the planctomycetal cell plan (Fig. 1C) . Despite the recent advances, this conventional perspective is still propagated by recent reviews (Feijoo-Siota et al. 2017; Staley and Fuerst 2017) and even seems to be sustained by recent studies (Sagulenko et al. 2017) . However, today only few scientists support this 'classic perspective', while the vast majority of the scientific community actively working on Planctomycetes with state-of-the art methods supports the paradigm shift that is subject of this review (see for example summary of the last PVC-superphylum meeting (Lage and Devos 2018; Rivas-Marin and Devos 2018) ). Here, we review the current literature with a focus on the most controversial/striking features of the planctomycetal cell biology: (i) the PG cell wall, (ii) a nucleus-like structure in G. obscuriglobus, (iii) the ICM, (iv) planctomycetal endocytosis, (v) unusual planctomycetal membrane composition and (vi) FtsZ-independent cell division. PG cell walls are the hallmark trait of bacteria. Dissolved solutes within free-living microorganisms cause significant osmotic pressure that constantly challenges the integrity of the cell. To preserve their cell shape against this force, bacteria rely on PG. PG is a rigid polymeric mesh of linear glycans (Lovering, Safadi and Strynadka 2012) cross-linked via short peptides (Vollmer and Holtje 2004) . Its synthesis-together with the actions of FtsZ and other proteins-is essential for septal formation during cell division (Egan and Vollmer 2013) . Thus, most bacteria possess both a PG cell wall and FtsZ. In the (artificial) absence of PG, cell division without FtsZ is possible for Escherichia coli 'coli-flowers' (Mercier, Kawai and Errington 2016) and Bacillus subtilis L-forms (Leaver et al. 2009; Mercier, Kawai and Errington 2014) . Since PG is present in all free-living bacteria, it was likely present in the last bacterial common ancestor as well (Errington 2013) . However, according to the classic perspective, Planctomycetes are the only free-living bacteria that lack PG (König, Schlesner and Hirsch 1984; Liesack et al. 1986; Stackebrandt, Wehmeyer and Liesack 1986) and FtsZ (Pilhofer et al. 2008; Jogler et al. 2012) , as one would expect for the last universal common ancestor (LUCA) of eukaryotes and prokaryotes (Devos and Reynaud 2010; Fuerst and Sagulenko 2011; Reynaud and Devos 2011) . Despite its conceptual importance, the absence of PG was rarely addressed experimentally. Only recently have research groups, including ourselves, employed multiple independent experiments and methods such as genome analysis, cryo-electron tomography, GC-MS studies on diaminopimelic acid, biochemical assays on sugar components of PG, lysozyme treatments and isolation of PG sacculi to analyze the cell wall composition of Planctomycetes. Thereby, anammox Planctomycetes, P. limnophila, G. obscuriglobus and R. baltica were experimentally found to possess a PG cell wall (Jeske et al. 2015; van Teeseling et al. 2015) . Since the selected species cover the planctomycetal phylogeny, we concluded that all Planctomycetes possess a PG cell wall (Jeske et al. 2015) . As a consequence, a key argument for Planctomycetes being related to the LUCA vanished.
The planctomycetal 'nucleus' was exclusively reported for G. obscuriglobus based on thin sections of cryosubstituted cells and freeze-fractured specimens (Fuerst and Webb 1991) . However, in 2013 the tomography-based three-dimensional reconstruction of a G. obscuriglobus cell demonstrated an interconnection of all putative compartments, including the 'nucleus' (SantarellaMellwig et al. 2013) . Nevertheless, in 2014, a spatial separation of transcription and translation was suggested (Gottshall et al. 2014) and later even nuclear pores were described (Sagulenko et al. 2017 ) despite the strong evidence that the 'nucleus' is not a separated compartment. However, the hypothesis of an interconnected tubulovesicular network (no separate compartments, but an continous cytoplasm with multiple invaginations) was further supported (Acehan, Santarella-Mellwig and Devos 2013) and the cell plan of G. obscuriglobus was reinterpreted (Devos 2014a,b) . This new interpretation is consistent with thin sections of these organisms that only once in a while show a 'nucleus phenotype' (unpublished observations) further supported by membrane staining experiments analyzed with (superresolution) microscopy (Boedeker et al. 2017) . These latest comprehensive studies of the planctomycetal cell plan also include a three-dimensional reconstruction of the cell-now via cryoelectron tomography-that supports the absence of a nucleus and thereby shows the value of three-dimensional techniques for cell plan mapping (Boedeker et al. 2017) .
The cytosol of bacteria is, with few exceptions (Jogler 2014) , an enclosed compartment that follows the outer shape of the cell, while the cytosol of eukaryotes is divided into multiple compartments (Fig. 1) . Until very recently, an ICM was thought to compartmentalize the planctomycetal cytosol into a paryphoplasm and a pirellulosome compartment (Lindsay et al. 2001) , thus blurring the borders between pro-and eukaryotes. Considering the newly discovered planctomycetal PG cell wall and the lex parsimonae, the classic perspective on Planctomycetes (Fig. 1A) can be easily reinterpreted: the 'cytoplasmic membrane' from the deprecated interpretation is in fact the outer membrane and the 'ICM' was reinterpreted as cytoplasmic membrane. This way, and despite their unclear staining results, Planctomycetes can be seen as exceptional Gram-negative bacteria. Exceptional, because the cells display an exceptionally enlarged periplasmic space (Fig. 1C) . This interpretation is not only much simpler, but -most importantly-is supported by a recent comprehensive study that employed multiple complementary methods and analyzed various planctomycetal species (Boedeker et al. 2017) . Most of these methods became available only recently: novel techniques like dSTORM and SIM superresolution microscopy helped to reveal the subcellular membrane organization (Boedeker et al. 2017) . Furthermore, state-of-the-art cryo-electron tomography was employed to gain an artefact free three-dimensional reconstruction of cells. Thereby the continuity of the innermost -cytoplasmicmembrane could be proven (Boedeker et al. 2017) . The obtained results are in line with above-mentioned results regarding the absence of a planctomycetal nucleus in G. obscuriglobus. They are further supported by the recent first characterization of a planctomycetal outer membrane protein (van Teeseling et al. 2017) . Taken together, the perspective on the planctomycetal cell plan underwent substantial revision (Fig. 1C) . Nevertheless, the planctomycetal cell plan is still exceptional as the large invaginations of the CM are unusual. It is commonly accepted that the CM is closely attached to the PG due to the cytosolic turgor pressure that substantially differs from the pressure in the periplasm. But, if the CM acts as the osmotic barrier, how can such large invaginations of the periplasmic space be even possible? In fact, our observations (Boedeker et al. 2017 ) point towards the outer membrane and the PG layer as osmotic barrier with the (enlarged) periplasmic space being isotonic to the cytosol. However, this hypothesis requires further experimental evidence.
Endocytosis is the hallmark trait of early eukaryotic cells as it provided the capability to acquire an endosymbiont that later developed into the mitochondrion. As outlined in the introduction, evidence for an endocytosis-like uptake in Planctomycetes (Fig. 1A) was brought forward, thereby tightly linking the phylum to eukaryogenesis. However, after the discovery of a PG cell wall it became difficult to envision how a vesicle could pass this mesh-like structure (Jeske et al. 2015) . Earlier, an MC-like protein was suggested to play a key role in vesicle formation during the process of endocytosis-like uptake in G. obscuriglobus (Lonhienne et al. 2010) . Such MCs parallel the structure of eukaryotic clathrins that are required for vesicle formation (Boettner, Chi and Lemmon 2012). However, deletion of one MClike protein encoding gene in P. limnophila showed no significant alteration in macromolecule uptake (Boedeker et al. 2017) . Furthermore, superresolution microscopy revealed that fluorescent macromolecules are stored in the continuous enlarged periplasmic space, rather than in distinct vesicles. This finding was further supported by the demonstration that vesiclelike structures observed with two-dimensional techniques are indeed cytoplasmic invaginations if cryo-electron tomographybased three-dimensional reconstruction is employed (Boedeker et al. 2017) . Consequentially, endocytosis-like uptake of macromolecules in Planctomycetes seems very unlikely (Boedeker et al. 2017) . Nevertheless, Planctomycetes can utilize all sorts of carbon compounds (see the section 'Ecology and Physiology of Planctomycetes'), and they can live on high molecular weight polysaccharides as sole carbon source (Jeske et al. 2015 (Jeske et al. , 2016 . If incorporation of complex carbon substrates is required, three options other than endocytosis can be inferred: (i) the secretion of enzymes followed by the extracellular degradation of complex substrates into monosaccharides that are then transported through the outer-and cytoplasmic membrane via the canonical pathways. (ii) The anchoring of complex polysaccharides to the cell surface. Those molecules could then be degraded into oligosaccharides that are transferred to the periplasm via Sus proteins for subsequent degradation as shown for Bacteroidetes. This selfish mechanism (Cuskin et al. 2015; Reintjes et al. 2017) is advantageous as other heterotrophic, non-enzyme producing organisms cannot benefit from the produced oligosaccharides. (iii) For Planctomycetes a third mechanism involving their crateriform structures was postulated. The purpose of the fibers that are often associated to these pits might be the internalization of entire high molecular weight polysaccharides into their enlarged periplasm for degradation (Boedeker et al. 2017) . This novel strategy would allow slow degradation of diverse and complex substrates in the sheltered environment of the periplasmic space without the need to secret a plethora of different enzymes. This might explain why Planctomycetes are so successful in degrading otherwise recalcitrant materials (see the section 'Ecology and Physiology of Planctomycetes'). While the uptake mechanism (Fig. 5 ) of high molecular weight substrates is relevant in marine habitats Probandt et al. 2017b) , little is known about crateriform structures and their associated fibers and more research is needed.
The 'membrane composition' of G. obscuriglobus is unique for bacteria as they produce sterols that are rarely found in bacteria and are considered as characteristic of eukaryotes (Pearson, Budin and Brocks 2003) . However, with the availability of more planctomycetal genome sequences it became obvious that sterols are a unique feature of G. obscuriglobus and not a universal characteristic of Planctomycetes as such. Thus, the presence of sterols in G. obscuriglobus is interesting and worth further investigations, but not an argument for the eukaryotic traits of Planctomycetes.
The planctomycetal 'FtsZ-free cell division' is one of the most striking and unique planctomycetal traits. Usually, the tubulinhomolog FtsZ plays a crucial role in septum formation prior to binary fission in bacteria and many archaea (Margolin 2005; Bernander and Ettema 2010) . As mentioned above, the absence of FtsZ is usually lethal as it prevents septum formation in midcell. Only if the PG cell wall is artificially removed bacteria can divide in the absence of FtsZ, but far more uncontrolled and not via binary fission (Leaver et al. 2009 ; Mercier, Kawai and ErringMacromolecule (phototroph) DOC (phototroph) Antibiotic (planctomycete) Figure 5 . Hypothesis of the planctomycetal life cycle in relation to phototrophs. In response to an environmental clue-such as secretion of dissolved organic carbon (DOC, green dots)-a flagellated swimmer cell attaches to phototrophs by developing a holdfast structure. Once a biofilm forms, cells start to secrete antibiotics (red triangles). Cells start to divide through polar budding and the daughter cell again is a flagellated swimmer cell. If the phototroph is weakened, Planctomycetes can start to degrade complex polysaccharides from its surface by incorporating them into their enlarged periplasmic space via a fiber-mediated uptake mechanism. ton 2014, 2016). Planctomycetes and Chlamydiae are the only exceptions that lack FtsZ (Pilhofer et al. 2008; Jogler et al. 2012) , but nevertheless do possess PG (Liechti et al. 2014; Jeske et al. 2015) . While all Planctomycetes lack FtsZ, two different cell division mechanisms are reported within the phylum. Members of the class Planctomycetia divide by polar budding (Fig. 5 , Table 1 and for review see Fuerst and Sagulenko 2011) , while the few known members of the class Phycisphaerae are reported to divide by binary fission (Fukunaga et al. 2009 ). To prevent the fate of the Chlamydiae, which for decades were thought to divide by binary fission and only recently found to divide by budding (Abdelrahman et al. 2016) , more work should be invested in the final determination of phycisphaeral cell division. Little more is known about the cell division of Planctomycetia. In case of the model species P. limnophila cell division by polar budding is associated with a lifestyle switch (Fig. 5) . Only a sessile stalked mother cell, attached to a surface or to other cells with its holdfast structure, develops a swimming flagellated daughter cell. Only when the daughter cell attaches to a surface and forms a stalk, the reproduction cycle starts over (Jogler, Glöckner and Kolter 2011) . This behavior is similar, yet distinct to Caulobacter species and rather an analogy than a homology (Kirkpatrick and Viollier 2012) . Structural studies with the model species G. obscuriglobus showed that initial formation of the bud and translocation of the (condensed) nucleoid do not occur at the same time and only in advanced division stages can a nucleoid be seen in the bud (Lee, Webb and Fuerst 2009 ). In F. marisgermanicae a tubular structure was determined that connected the bud and the mother cell, a phenomenon unlike that in any other planctomycetal species investigated (Kohn et al. 2016) . Thus, the very limited knowledge of the mechanism of the planctomycetal cell division points already towards a certain amount of diversity. This diversity is to some extent also reflected by differences in the planctomycetal cell architecture (Table 1) . While cells have different shapes (coccoid to pear-shaped), not all have a stalk and for example I. pallida lacks even a holdfast structure as it forms filaments (Giovannoni, Schabtach and Castenholz 1987) . Not all Planctomycetes have a motile stage either, indicating that the lifestyle switch (Fig. 5) is not necessarily a general planctomycetal trait (Table 1) . In summary, the classic perspective on Planctomycetes (Fig. 1A) was revised (Fig. 1C) and members of the phylum Planctomycetes are rather Gram-negative bacteria (Fig. 1D ) than ancestors of the eukaryotic cell (Fig. 1B) . Nevertheless, they possess several unusual traits such as an enlarged periplasm, fibers associated with crateriform structures and FtsZ-free cell division, every single point making them unique among the bacterial domain. They are maverick after all.
ECOLOGY AND PHYSIOLOGY OF PLANCTOMYCETES
Planctomycetes are ubiquitous bacteria that dwell in all sorts of habitats. The phylum has been overlooked by early 16S rRNA gene amplification-based studies due to a consistent mismatch in a universally used bacteria-specific primer (Vergin et al. 1998) . However, that picture changed with the usage of new primer sets and the advent of next generation sequencing technologies. To give an overview of the current knowledge on planctomycetal ecology, we analyzed data sets from the Earth Microbiome Project database (Gilbert, Jansson and Knight 2014) and mapped the relative abundance of Planctomycetes to the respective sampling site (Fig. 6A) . The same dataset was also visualized according to the habitat character (Fig. 6B) . It became evident that Planctomycetes are basically everywhere and that they are sometimes even the main players within their bacterial community. This seems particularly true for different marine surfaces (Fig. 6B) . For example, up to 70% of the bacterial community on the macroalgae Ecklonia radiata of the Australian shore are Planctomycetes, a finding not specifically reported in the literature.
In a second, complementary approach, we screened the recent literature for reports of planctomycetal abundance above 1% in specific habitats. Although Planctomycetes were first thought to live primarily in aquatic habitats, they are now known to be widespread and numerically abundant in soils around the globe (Buckley et al. 2006 ). They represent a major part of the bacterial population in mangrove wetlands (5.62%) (Yun, Deng and Zhang 2017) , fields used for agriculture (4.67% or 10.84%) She et al. 2016 ) and lichen-dominated subarctic ecosystems in Siberia (7.2%-13%) (Danilova et al. 2016; Ivanova et al. 2016) . Furthermore, they were found in salty sandy costal soils in China (Tian and Zhang 2017) , and their abundance increased by 50% if grazed pasture soil was impacted by elevated pCO 2 to simulate climate change (Xia et al. 2017) . This fits to the observation in mesocosm experiments where a raised abundance of Planctomycetes correlated with environmental changes (Bacci et al. 2015) . Planctomycetes account for 7.1% of the microbial community in the Chinese leek rhizosphere (Huang 2017 ) and they were found to be very abundant in arid regions in China as well (23.7%), while their abundance decreased along salinity gradients (9.8%) (Chen et al. 2017a ). Another striking enrichment of Planctomycetes can be observed in the active layer above permafrost soils for example on the Tibetan Plateau (4% versus almost 0%) (Chen et al. 2017b) or in moist acidic tundra (up to 2.5%) (Kim et al. 2016a) . In addition, Planctomycetes were found at all stages of Fennoscandian boreal forest development with a very high abundance (21%) (Yarwood and Högberg 2017) . They were associated with decomposing dead wood in natural temperate forests (Tláskal et al. 2017) , and they were significantly enriched in the rhizosphere from an Amazon rainforest compared to the surrounding soil (Fonseca et al. 2018) . However, the planctomycetal abundance might still be underestimated as some DNA extraction methods from soil reduce the amount of planctomycetal sequences (Zielińska et al. 2017) . In average, Planctomycetes represent the fifth most abundant bacterial phylum in soil (Delgado-Baquerizo et al. 2018) .
Despite this built-up knowledge, it is still more known about Planctomycetes from aquatic habitats. For example, 8.2% of the bacterial community in rivers of the upper Amazon basin were Planctomycetes as identified by a metagenomics approach (Santos-Junior et al. 2017) . Planctomycetes were detected in Hindu Kush caves (4.2%) (Yasir 2017) and in a cold subseafloor aquifier (up to 5%) (Tully et al. 2017b) as well as in rain-collected groundwater (up to 42.7% of the bacterial community) (Jongman, Chidamba and Korsten 2017) . In particular, microbial mats appear as natural enrichments for Planctomycetes. Up to 21% of the bacterial community composition in such mats of the hypersaline Laguna Tebenquiche (Chile) were found to be Planctomycetes (Fernandez et al. 2016) , while they accounted for 2.97% in microbial mats from an iron-rich thermal spring in South Africa . Analysis of the microbial community assemblage in mats at Little Hot Creek, USA, revealed up to 5% Planctomycetes that co-occur with Cyanobacteria (Bradley et al. 2017) . In black mats found in a hypersaline lake in Chile even 42% of the bacterial community were Planctomycetes (Farias et al. 2017 ) and up to 15% of the stromatolite-forming bacteria belong to this phylum (Proemse et al. 2017 ). Furthermore, Planctomycetes account for up to 21% of the bacterial community in Antarctic marine biofilms on artificial surfaces (Webster and Negri 2006) . Many of these mats were collected in rather harsh environments. Another extreme aquatic habitat are South African saltpans with a pH of 8.0 and a salinity of 12.8%. Nevertheless, Planctomycetes form 5.52% of the bacterial community in such hostile environments . That Planctomycetes are enriched in microbial mats, biofilms, on particles or even of the eukaryote-associated microbiome seems to be a general ecological feature of this phylum. For example, Planctomycetes were found to be enriched in the particle-associated fraction (7%) compared to the surrounding water (1%) in a metagenomics approach of samples from the Mediterranean Sea (López-Pérez et al. 2016) . In Wadden Sea sediments (up to 5.7% in general) (Llobet-Brossa, Rossello-Mora and Amann 1998), Planctomycetes can account for up to 7% of the bacterial community on individual sand grains (Probandt et al. 2017a) . Twenty-two percent of the bacterial community on marine macroscopic detrital aggregates known as marine snow can be Planctomycetes (DeLong, Franks and Alldredge 1993) where they are thought to degrade marine snow polymers e.g. sulfated polysaccharides (Woebken et al. 2007) . They were found to account for 10.04% of the (symbiotic) microbiome of the calcifying benthic foraminifera Amphistegina lobifera of the Great Barrier Reef in Australia (Prazeres et al. 2017) . Planctomycetes represent a major phylum of potential symbionts from Baikalian freshwater sponges where they are proposed to degrade complex carbon substrates (Kaluzhnaya, Krivich and Itskovich 2012; Gladkikh et al. 2014; Kaluzhnaya and Itskovich 2015) .
Furthermore, Planctomycetes were found to form up to 5% of the coral Montastraea cavernosa microbiome (Jarett et al. 2017) , while they were enriched in shrimp cultural enclosure ecosystems and accounted for 10.61% of the bacterial community . In commercially important white shrimp (Litopenaeus vannamei), 2.9% of the intestine microbiota were Planctomycetes and their abundance changed significantly at different culture stages . Planctomycetes were identified in fecal samples of wild gorilla (Frey et al. 2006) , pigs (Leser et al. 2002) and soil-feeding termites (Cubitermes spp.) where they constituted one-third of the bacterial population in the alkaline part of the gut (Kohler et al. 2008) . In carp intestine up to 7.3% of the bacterial community were found to be Planctomycetes (compared to 2.0% of the surrounding water samples) where they might be involved in polysaccharide degradation (Li et al. 2014) . When mice were fed with fungal (Lentinula)-derived polysaccharides, Planctomycetes were detected in the gut, while they were absent in mice on a regular diet (Xu and Zhang 2015) . Planctomycetes can occur even in the human gut (Cayrou et al. 2013) . In the lightless habitats of the deep sea cold seeps, the most abundant OTUs (21.1%) on chitin-tube forming worms (Escarpia sp.) are Planctomycetes, an extreme natural enrichment as they represented no more than 0.1% of the total reads from the surrounding water or sediments. In association with the deep-sea octocoral Paramuricea placomus 10% of the bacterial community were Planctomycetes (Kellogg, Ross and Brooke 2016) . Planctomycetes can dominate deep sea sediments in the gulf of Mexico (28%), where they seem to be involved in the nitrogen cycle and breakdown of detrital organic matter delivered to the sediment as marine snow (Vigneron et al. 2017) .
Thus far, the best studied habitats with significant populations of Planctomycetes are micro-and macroalgae (Morris, Longnecker and Giovannoni 2006; Bondoso 2011, 2014; Pizzetti et al. 2011a,b; Bengtsson et al. 2012; Bondoso et al. 2014 Bondoso et al. , 2015 Bondoso et al. , 2017 Lage et al. 2017) . Macroalgae are the dominant habitat-forming organisms on temperate rocky marine coastlines (Campbell et al. 2014) . Within mid-latitude belts, they frequently form kelp forests that provide shelter and nutrition for marine mammals, fishes, crabs, sea urchins, mollusks, other algae and epibiota (for review, see Steneck et al. 2002) . For example, the association of Planctomycetes and Laminaria hyperborea, which is the major brown algae of kelp forests in many European habitats, was thoroughly established Bengtsson, Sjøtun and Øvreås 2010; Bengtsson et al. 2012) . Planctomycetes dominated the surface biofilms, and were also subject to seasonal variations (Bengtsson, Sjøtun and Øvreås 2010) , of this algae with up to 55.7% abundance among the bacterial community . This is consistent with findings in Australia discussed above (Fig. 6B) . Furthermore, studies hint that climate change might lead to increase in planctomycetal abundance on macroalgae: when Caulerpa taxifolia was incubated under higher pCO 2 , some planctomycetal species became 10 times more abundant than they were under normal pCO 2 (RothSchulze et al. 2017 ). An interesting effect could also be shown for planctomycetal growth associated with microalgae: the relative abundance was found to correlate with a Centrales diatom bloom in the German North Sea (Pizzetti et al. 2011a ) and a bloom of Skeletonema diatoms in the Baltic Sea (Bunse et al. 2016) in two consecutive years.
The planctomycetal association with phototrophs might not be limited to marine habitats but apply to aquatic habitats in general. A correlation of planctomycetal abundance with chlorophyll a concentrations in a mesoeutrophic freshwater lake in Italy could confirm a role of Planctomycetes in the degradation of algal biomass (Pizzetti et al. 2011a,b) . A study in the eutrophic Lake Taihu, China, demonstrated that Planctomycetes were the dominant members of the microbial community attached to Microcystis cyanobacteria during an intensive bloom (Cai et al. 2013) . During such blooms their abundance increased to 22% of the bacterial community (Bai et al. 2017) . Although the species composition was different to those found in marine habitats, an enrichment of planctomycetal sequences was also found on the surface of the freshwater macrophyte Nuphar lutea . The pattern that emerges from these studies gave rise to the proposition of an allelopathic interaction between Planctomycetes and their phototrophic hosts (Jeske et al. 2013 (Jeske et al. , 2016 Bondoso et al. 2014; Graca, Calisto and Lage 2016) (Fig. 5) : they can be highly abundant in habitats of accumulated carbon sources in an oligotrophic water body (Lage and Bondoso 2014) . This is in spite of their slow growth (some species have doubling times of up to 1 month (Strous et al. 1998) ) whereas most other heterotrophs in the same ecological niches, for example Roseobacter sp. (Christie-Oleza et al. 2012) , divide much faster and could outcompete Planctomycetes. The planctomycetal solution to this problem might involve the production of secondary metabolites acting as antimicrobials (defense against faster growing heterotrophic bacteria) and algicides (to scavenge diatoms, cyanobacteria or other algae) (Jeske et al. 2013 (Jeske et al. , 2016 Bondoso et al. 2014; Graca, Calisto and Lage 2016) . Figure 5 summarizes the planctomycetal lifestyle switch (see also the section 'Cell Biology of Planctomycetes') in the light of this hypothesis (Jeske et al. 2013; Wegner et al. 2013) . The hypothesized algal scavenging is most strikingly supported by the annotation of 110 sulfatases in the genome of R. baltica, most likely targeting the huge variety of sulfated polysaccharides that are found in marine algal cell walls (Glöckner et al. 2003; Wegner et al. 2013) . The role of universal degraders of (complex) carbon compounds might not be limited to phototroph-associated Planctomycetes but could easily be applying to Planctomycetes in other habitats as well. For example, due to their high abundance (up to 22%) in sublittoral surface sediments they were proposed to be key for the degradation of high molecular weight compounds and recalcitrant material (Probandt et al. 2017b) . Also, the capacity to degrade even chitin was reported (Ravin et al. 2018) .
Taken together, Planctomycetes seem to be associated primarily with particles, surfaces, microbial mats, biofilms or eukaryotes while they can be very abundant in other habitats as well. As abundance alone is not a measure for environmental importance, a deeper understanding of the planctomycetal physiology is required to unearth their ecological role in the environment. Such analysis would highly benefit from more planctomycetal species being available as axenic cultures.
BIOTECHNOLOGICAL USAGE OF PLANCTOMYCETES
The main biotechnological application of Planctomycetes is the removal of ammonium from waste water by anaerobic so-called anammox Planctomycetes (Strous et al. 1999) , a process well established at industrial scale (Kartal, Kuenen and van Loosdrecht 2010) . However, aerobic Planctomycetes were brought into direct connection with secondary metabolite production during a genome mining approach, which targeted non-ribosomal peptide synthases (NRPS) and polyketide synthases (PKS) encoding genes in 2007 (Donadio, Monciardini and Sosio 2007) . In the same year, planctomycetal type I polyketide synthase domains were identified in two costal Antarctic sediments (Zhao, Yang and Zeng 2008) . These first hints could later be supported by a computational analysis with the 13 planctomycetal genomes available at that time which revealed that Planctomycetes encode numerous secondary metabolite-related genes and gene clusters (Jeske et al. 2013) . Furthermore, antibacterial activity of crude extracts was detected if Planctomycetes were grown under conditions that chemically mimicked the interaction with phototrophs (Jeske et al. 2016) . Comparable results were obtained with Planctomycetes that were isolated directly from macroalgae and displayed antifungal and antibacterial activity (Graca, Calisto and Lage 2016) . Consequently, Planctomycetes were postulated to be 'talented producers' of small molecules that might also comprise novel bioactive compounds such as antibiotics (Graca, Calisto and Lage 2016; Jeske et al. 2016) . Given the number of novel planctomycetal genome sequences available today, we revisited the screening for secondary metabolite-related genes and gene clusters of potential biotechnological interest. Figure 4 shows that the potential of secondary metabolite production is not evenly distributed among Planctomycetes, indicating that there might be clades more 'talented' than others. However, the number of clusters alone is not necessarily an indicator for the potential of an organism to produce an interesting novel compound (Tracanna et al. 2017) .
Importantly, some yet uncultivated Planctomycetes encode multiple NRPS and PKS (Fig. 4) . To make such clusters available for easy access, it would be desirable to obtain more planctomycetal axenic cultures. Through genome sequencing of such additional species the planctomycetal potential of small molecule production could be substantiated. In the light of the current literature, Planctomycetes might very well turn into a resource for drug development.
In addition, Planctomycetes also might be of a broader biotechnological relevance. Dark fermented paperboard mill wastewater enrichments were used for polyhydroxyalkanoate production and Planctomycetes were found to be enriched to 7.46% of the bacterial community if acetate was applied (Farghaly et al. 2016) . In bauxite remediation attempts, Planctomycetes were found to account for 14% of the bacterial community and might play an important role as relatively halotolerant organisms to facilitate remediation (Bray et al. 2017) . They have been found in uranium-contaminated subsurface sediments as well but were less abundant than at the bauxite remediation side (Akob, Mills and Kostka 2007) . In herbicide degradation experiments Planctomycetes were enriched as well (5%) (Caracciolo et al. 2005) , and in mildly arsenic-contaminated sediments Planctomycetes accounted for almost 10% of the bacterial community (Halter et al. 2011) . However, whether Planctomycetes play an active role in remediation requires further investigations.
Also, planctomycetal enzymes as such can be useful resources: for example, the biotechnological potential of planctomycetal sulfatases for industrial chemistry was demonstrated (Wallner et al. 2005) .
PLANCTOMYCETES AND DISEASE
Planctomycetes are typical environmental bacteria. Multiple features such as their large genome are very untypical for pathogens and most species do not proliferate at common host temperatures either. However, Planctomycetes can occur in the human gut (Cayrou et al. 2013) . Two immunocompromised individuals were found to suffer from a severe planctomycetal bacteremia that might have been caused by translocation of Planctomycetes from the gut into the blood (Drancourt et al. 2014) . In particular, species of the genus Gemmata came into focus as potential opportunistic pathogens as 95% of the 16S rRNA gene sequences from one of the patient's blood samples belonged to this genus (Drancourt et al. 2014; Aghnatios and Drancourt 2016) . Recently, a novel Gemmata species was isolated from a hospital water network (Aghnatios and Drancourt 2015; . Nevertheless, today only anecdotic reports exist about Planctomycetes associated to disease (Drancourt et al. 2014) . However, some studies argue that Planctomycetes escape standard clinical diagnostics and certain methods were suggested to overcome this limitation (Christen, Edmond and Drancourt 2018) . Employing such methods in the future will reveal if opportunistic pathogens exist within the phylum Planctomycetes.
Planctomycetes can also live in the digestive tract of animals (see the section 'Ecology and Physiology of Planctomycetes'). Thus far, only one report points towards Planctomycetes being related to an animal-more precisely a sponge-disease: in comparison to healthy tissue and the surrounding water column heterotrophic Planctomycetes were enriched in abnormal tissue of Carteriospongia foliascens (Gao et al. 2014) . There is also a report of Planctomycetes being associated to a plant disease: 10.61% of the bacterial microbiome on infected citrus plants were Planctomycetes (Yang et al. 2016) . However, it remains enigmatic whether Planctomycetes play an active role in animal or plant pathogenesis. Maybe they degrade injured tissue only as result of an infection caused by another organism.
Briefly, today, there is no conclusive statistically significant evidence that members of the phylum Planctomycetes are responsible for any kind of known disease.
GENETIC MANIPULATION OF PLANCTOMYCETES
Research on Planctomycetes was long hampered by the lack of genetic tools . Before the paradigm shift, Planctomycetes were rather seen as a chimera between proand eukaryotes, and many researchers questioned if standard genetic tools would be applicable to Planctomycetes. In addition, Planctomycetes are not responsive to the most important selection markers used in genetic experiments as they are frequently resistant against many-if not all-antibiotics (Cayrou, Raoult and Drancourt 2010) . However, two surrogate genetic experiments gave a first hint that standard genetic tools might be applicable for Planctomycetes: the trans-complementation of Salmonella typhimurium rpoN mutants with the rpoN gene of P. limnophila (Jenkins, Kedar and Fuerst 2002) and the heterologous expression of lyase RB5312 from R. baltica in E. coli (Dabin et al. 2008) . For genetic tool development, P. limnophila was suggested as model Planctomycete, due to its relative fast growth, susceptibility to multiple antibiotics and easy to visualize lifestyle switch between a sessile stalked mother and a swimming flagellated daughter cell (Jogler, Glöckner and Kolter 2011) . The first genetic manipulation in the phylum Planctomycetes was based on the transfer of the Tn5 transposon to P. limnophila by electroporation (Jogler, Glöckner and Kolter 2011) . The results were soon verified in a second study (Schreier et al. 2012) . The first homologous recombination among Planctomycetes was demonstrated in a third study, showing the introduction of circular as well as linear DNA by electroporation (Erbilgin, McDonald and Kerfeld 2014) . In a fourth study, gene transfer through conjugation and subsequent homologous recombination was demonstrated for Blastopirellula marina, G. maris, P. limnophila and G. obscuriglobus (Rivas-Marin et al. 2016) . Genetic tools for the latter are particularly desirable as this organism is among the most complex Planctomycetes and-due to its size-highly suitable for light microscopic localization studies. In the latest study, targeted gene disruption, a key experiment to enable the study of the planctomycetal cell biology, was made possible by homologous recombination from linear DNA by enforcing two double crossover events in P. limnophila (Boedeker et al. 2017) . Although the most crucial tools -for targeted insertion and deletion of genes-are developed by now and many novel insights can be expected from their application in the near future, there is still a wish list of tools that await implementation in Planctomycetes .
Unlike any other technique, genetic tools brought research on Planctomycetes to the next level and significantly contributed to the paradigm shift in this field.
CONCLUSIONS
Although a clear paradigm shift in the field of planctomycetal research occurred, sweeping away most eukaryote-like features, bacteria of the phylum Planctomycetes still remain maverick. In particular, their unusual cell division mechanism makes them unique among bacteria. There is an urgent need to develop timelapse microscopic techniques to study the molecular mechanism of the planctomycetal cell division. This is key to reveal whether the Planctomycetes diverged from all other bacteria as they lost the otherwise universal FtsZ-based cell division system, or if modern Planctomycetes are descendants of a bacterial ancestor that separated from all other bacteria before the FtsZbased cell division concept evolved.
As still only few axenic planctomycetal cultures are available (0.6% of the diversity on OTU level), it is highly desirable to bring more species into laboratory cultures. Given the phylogenetic depth of this phylum -comparable to Alphaproteobacteriaexciting novel biology could be expected if more and more species become available.
While planctomycetal physiology is barely understood, studies addressing both primary and secondary metabolism are required. In particular, the production of small bioactive molecules calls for more investigations to clarify if Planctomycetes are 'talented producers' of antibiotics or other medically important molecules.
Despite the recent paradigm shift, 94 years after their discovery, all datasets points towards Planctomycetes as environmentally and biotechnologically important organisms with a very unusual cell biology that deserve more consideration.
ACKNOWLEDGEMENT
We thank the above agencies for funding as well as Mike Jetten and Jörg Overmann for hosting our research groups. Many thanks to Christian Boedeker for support during development of Fig. 1 and to John Vollmers for support during development of Conflicts of interest. None declared.
